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The Rev3 gene of Saccharomyces cerevisiae encodes the catalytic subunit of DNA polymerase � that is
implicated in mutagenic translesion synthesis of damaged DNA. To investigate the function of its mouse
homologue, we have generated mouse embryonic stem cells and mice carrying a targeted disruption of Rev3.
Although some strain-dependent variation was observed, Rev3�/� embryos died around midgestation, display-
ing retarded growth in the absence of consistent developmental abnormalities. Rev3�/� cell lines could not be
established, indicating a cell-autonomous requirement of Rev3 for long-term viability. Histochemical analysis
of Rev3�/� embryos did not reveal aberrant replication or cellular proliferation but demonstrated massive
apoptosis in all embryonic lineages. Although increased levels of p53 are detected in Rev3�/� embryos, the
embryonic phenotype was not rescued by the absence of p53. A significant increase in double-stranded DNA
breaks as well as chromatid and chromosome aberrations was observed in cells from Rev3�/� embryos. The
inner cell mass of cultured Rev3�/� blastocysts dies of a delayed apoptotic response after exposure to a low dose
of N-acetoxy-2-acetylaminofluorene. These combined data are compatible with a model in which, in the absence
of polymerase �, double-stranded DNA breaks accumulate at sites of unreplicated DNA damage, eliciting a
p53-independent apoptotic response. Together, these data are consistent with involvement of polymerase � in
translesion synthesis of endogenously and exogenously induced DNA lesions.

In cancer genetics, the paradigm holds the sequential muta-
tion of a series of oncogenes and tumor suppressor genes
responsible for the evolutionary development of a normal cell
into a fully malignant, metastasizing tumor (67). Most muta-
tions are induced by nucleotide damage, originating from en-
dogenous sources or inflicted by exogenous agents (49). Nu-
cleotide damage that is not removed by DNA repair proteins
generally leads to an arrest of the replication fork, due to the
rigidity of the replicative polymerases, preventing incorpora-
tion of a nucleotide opposite a damaged template (51). To
escape this arrest, cells possess multiple pathways that enable
the completion of DNA replication despite the presence of
replication-blocking DNA damage (3, 9).

Considerable progress has recently been made in identifying
the actors in translesion synthesis, a pathway implicated in
replicating damaged DNA. In both prokaryotes and eu-
karyotes, multiple polymerases have been identified that are
capable of replicating DNA templates containing a variety of
lesions. This enables the completion of replication and there-
fore safeguards cellular survival, albeit frequently at the ex-
pense of the introduction of mutations. Based on sequence
homology and activity in vitro, most of the polymerases asso-
ciated with translesion synthesis belong to the newly recog-
nized Y superfamily of DNA polymerases (16, 21, 30, 32, 57,
70). The heterodimeric Saccharomyces cerevisiae polymerase �,
comprised of the REV3 catalytic subunit and the REV7 pro-

cessivity subunit (41–43), is an exception, since REV3 bears
strong sequence similarity to classical B-type DNA poly-
merases (41, 53, 55). S. cerevisiae rev3 strains display a moder-
ate hypersensitivity to UV light as well as a reversionless (rev)
phenotype (45, 46; reviewed in reference 39). Reversion of
almost all tested UV light-induced substitution mutations and
of most frameshift mutations, as well as mutagenesis by other
genotoxic agents, depends on REV3 (20, 24, 34, 39, 41, 43–46).
In addition, most spontaneously occurring mutations depend
on REV3 (26, 39, 59, 60, 71), suggesting a role for polymerase
� in the mutagenic translesion replication of DNA damaged by
endogenous sources, by spontaneous base decay, or as a con-
sequence of fortuitous mutagenic replication of an undamaged
template.

Scarce data exist for the molecular mechanism of translesion
synthesis and mutagenesis in vivo and for the involvement of
polymerase � in these processes, although it was shown previ-
ously that an S. cerevisiae rev3 mutant had lost translesion
replication in vivo of a site-specific N-(deoxyguanosine-C8-yl)-
N-acetyl-2-aminofluorene (dG-C8-AAF) adduct in a plasmid
substrate (4). In vitro, purified polymerase � possesses a mod-
erately processive polymerase activity on an undamaged tem-
plate and weak, substrate-dependent, translesion synthesis ac-
tivity (23, 25, 55). The lack of proofreading activity of the
enzyme, resulting in the capability of extending an unpaired or
a mispaired nucleotide, has led to a model in which S. cerevisiae
polymerase � functions to extend translesion products gener-
ated by translesion synthesis polymerases from the Y family
(25, 33, 35, 41, 56, 74).

To enable the study of the molecular basis of mutagenesis in
cells from higher eukaryotes, we and others have identified
homologues of REV3 from Drosophila melanogaster (11) and
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mammals (19, 36, 48, 52, 54, 65, 72). The putative mammalian
REV3 proteins are considerably larger than their D. melano-
gaster and S. cerevisiae homologues (350 versus 240 versus 173
kDa, respectively), the difference being due mainly to a long
stretch of intervening sequence in the middle of the gene.
However, the high homology in the carboxy-terminal consen-
sus polymerase domains suggests that these genes are true
paralogues. In agreement, Rev3 antisense RNA expressed in a
human cell line has been shown previously to reduce the in-
duction of mutations by UV light, consistent with a role of
REV3 in mutagenic translesion synthesis in mammalian cells
(19). However, some residual REV3 activity may have per-
sisted in these experiments, complicating the assessment of the
precise role of polymerase � in translesion synthesis and DNA
damage survival, as well as in spontaneous and induced mu-
tagenesis.

To investigate the function of mammalian Rev3, we have
generated cells and mice carrying a deletion of consensus poly-
merase domains in one allele of the gene. No Rev3�/� mice or
cell lines could be obtained, suggesting that the gene is indis-
pensable for long-term cellular survival. Rev3�/� embryos die
around midgestation, showing normal DNA replication and
cellular proliferation but generalized, p53-independent apo-
ptosis. Rev3�/� blastocysts display a delayed hypersensitivity to
N-acetoxy-2-acetylaminofluorene (NA-AAF), supporting the
involvement of Rev3 in translesion synthesis of dG-C8-AAF
adducts. Cytogenetic analysis of cells from Rev3-deficient em-
bryos shows a significantly enhanced number of double-
stranded DNA breaks and translocations. Together, these re-
sults support a role of polymerase � in translesion synthesis; in
the absence of Rev3, unrepaired endogenous DNA damage
triggers apoptosis via the accumulation of double-stranded
DNA breaks.

MATERIALS AND METHODS

Generation of the targeting vectors and gene targeting. Genomic clones of the
mouse Rev3 gene were isolated from a 129/SvEv BAC library (release II; Re-
search Genetics) as previously described (65). A gene-targeting vector was con-
structed (Fig. 1A) that contained a phosphoglycerate kinase promoter (PGK)-
hyg cassette replacing a 10-kbp fragment encoding the consensus polymerase
domains I, II, III, and VI. In addition, a PGK-thymidine kinase gene cassette
flanked genomic sequences to allow counterselection against random integration
of the vector. The targeting vector was linearized with HindIII prior to electro-
poration.

Culturing, electroporation, selection, and counterselection of subline IB10 of
the 129/OLA-derived embryonic stem cell line E14 were performed as described
previously (66).

Analysis of homologous recombinants. Approximately 5 �g of DNA of ex-
panded hygromycin-resistant, ganciclovir-resistant embryonic stem cell clones
was digested with either EcoRI or BamHI. Following agarose gel electrophore-
sis, DNA was transferred to a Hybond-N� membrane (Amersham) according to
the alkaline blotting procedure as recommended by the manufacturer. Homol-
ogous disruption of the Rev3 gene was determined using a probe 5� externally to
the left arm of the targeting vector (probe A, Fig. 1A) or 3� externally to the right
arm (probe B, Fig. 1A). Hybridization of membranes containing BamHI-di-
gested DNA with probe A resulted in a 23-kbp band representing the wild-type
allele and a 20-kbp band for the targeted allele. Probe B, external to the right
arm of the targeting DNA (Fig. 1A), was used on membranes containing EcoRI-
digested DNA and produced a wild-type fragment of 16.5 kbp and an 8.5-kbp
band representing the targeted allele.

An allele-specific multiplex PCR was developed to genotype mice and em-
bryos. This PCR uses two gene-specific oligonucleotide primers (mp49, 5�-GTG
CTGAGAAAGCTCATGTC-3�, and mp50, 5�-GATTGCCTTCCCTATCTGT
C-3�) and a PGK promoter-specific oligonucleotide primer (PNSB1, 5�-CTAA
AGCGCATGCTCCAGACT-3�) (Fig. 1A). The wild-type allele is represented

by a PCR product of 397 bp, whereas the disrupted allele is represented by a
PCR product of 275 bp. For PCR analysis, DNA from tails was isolated by
incubating them overnight at 60°C in 50 mM Tris-HCl (pH 7.8)–12.5 mM
MgCl2–100 �g of proteinase K/ml, followed by inactivation of the enzyme by
boiling it for 5 min (65); DNA from yolk sac and cultured cells was isolated by
incubating them for 1 h at 60°C in 10 mM Tris-HCl (pH 8.0)–2.5 mM MgCl2–0.45
�l of Nonidet P-40/ml–0.45 �l of Tween 20/ml–100 �g of proteinase K/ml,
followed by boiling for 5 min. The multiplex PCR was performed in a total
volume of 25 �l containing 1 to 3 �l of the DNA preparation, 200 �M de-
oxynucleoside triphosphates, 50 mM KCl, 0.1 mg of gelatin/ml, 0.2 mg of bovine
serum albumin/ml, 50 �l of glycerol/ml, 10 pmol of each oligonucleotide primer,
and 0.1 U of Amplitaq polymerase (Perkin-Elmer). After an initial denaturation
step at 93°C for 5 min, 35 cycles of 30 s at 93°C, 30 s at 55°C, and 1 min at 72°C
were performed in a Thermal Cycler (Perkin-Elmer).

Blastocyst culture, de novo embryonic stem cell derivation, and genotoxicity
assays. Isolation of blastocysts and de novo derivation of embryonic stem cell
lines were performed essentially as described previously (28). Briefly, blastocysts
of heterozygous mating pairs were isolated at 3.5 days postcoitum (dpc) (noon of
the day of appearance of the vaginal plug is defined as 0.5 dpc) and cultured on
irradiated mouse embryonic fibroblast (MEF) feeder layers in embryonic stem
cell medium. To establish embryonic stem cell lines, the inner cell mass was
disaggregated in trypsin-EDTA after 10 days of culture (13.5 dpc) and plated on
irradiated MEF feeder layers. Approximately 7 days later, wells were scored for
the growth of embryonic stem cells or of differentiated cell types.

Sensitivity of blastocysts to NA-AAF was determined as follows. After attach-
ment to the gelatinized culture dish in the absence of feeder cells (at 5.5 to 6.5

FIG. 1. Targeted disruption of the Rev3 gene. (A) (Top) Genomic
Rev3 locus. I, II, III, and VI indicate the locations of consensus DNA
polymerase domains. The thick line indicates the genomic region ho-
mologous to the targeting vector. (Middle) Targeting vector used to
disrupt genomic Rev3. Hyg, PGK-hyg cassette; TK, PGK-thymidine
kinase cassette. The arrows indicate the directions of transcription.
(Bottom) Genomic Rev3hyg targeted locus. Probes A and B are probes
used for analysis of gene targeting events. mp49 and mp50 are PCR
primers used to amplify a 397-bp wild-type genomic fragment. mp49
and PNSB1 are PCR primers used to amplify a 275-bp targeted
genomic fragment. Restriction sites: B, BamHI; H, HindIII; R, EcoRI.
(B) (Left) Southern blot analysis of wild-type (�/�) and Rev3�/�

(�/�) embryonic stem cell lines. Genomic DNA was digested with
BamHI, and blots were hybridized with probe A. (Right) PCR analysis
of wild-type (�/�), Rev3�/� (�/�), and Rev3�/� (�/�) embryos.
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dpc), blastocysts were pretreated with the deacetylase inhibitor paraoxon (3 nl/ml
for 15 min) and subsequently with NA-AAF (25 �M for 30 min in the presence
of paraoxon) to generate bulky dG-C8-AAF adducts (62). Survival of the inner
cell mass was monitored up to 48 h after treatment, by visual inspection or by
using a terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end
labeling (TUNEL) assay (see below). Genotyping was performed by PCR on
DNA isolated from inner cell masses or from trophoblast cells, which were in all
cases refractory to the NA-AAF treatment, as described above. All incubations
were performed in a humidified incubator at 5% CO2 at 37°C.

Embryo histology and TUNEL assay. Embryos from heterozygous matings
were isolated, fixated in 4% paraformaldehyde, dehydrated in an isopropanol-
NaCl series, and embedded in Paraplast (Sigma). Embryos were sectioned sag-
ittally at 5 �m followed by staining with hematoxylin and eosin or by processing
for immunostaining or TUNEL.

For labeling of S-phase cells in embryos with bromodeoxyuridine (BrdU),
pregnant females were injected intraperitoneally with 100 �g of BrdU/g of body
weight in phosphate-buffered saline and sacrificed 1 h later. BrdU incorporation
in genomic DNA from embryo sections was detected using a monoclonal anti-
BrdU antibody (Caltag) and a peroxidase-conjugated secondary anti-mouse an-
tibody (Jackson Laboratories). Diaminobenzidine reagent (Sigma) was used for
color development, and the slides were counterstained with hematoxylin (Sig-
ma). Expression of the Ki67 cell proliferation marker (73) was detected with the
primary antibody NCL-Ki67-MM1 (NovaCastra) in a protocol similar to that
described for BrdU. p53 expression was determined using the CM5 antibody
(Sanbio) and a biotin-conjugated anti-rabbit secondary antibody (Vector Labo-
ratories) followed by addition of peroxidase-conjugated avidin (ABC-Elite kit;
Vectastain). Diaminobenzidine reagent was used for color development; sections
were counterstained with hematoxylin and eosin. The presence of apoptotic cells
was determined using TUNEL staining as described previously (50); sections
were counterstained with methyl green.

COBRA analysis of embryo-derived primary fibroblasts. Embryos were iso-
lated at 11.5 dpc from heterozygous matings between 129/OLA fathers and
mothers of a mixed 129/OLA-C57BL/6 background. Primary embryonic cells
were subsequently isolated by trypsinization, followed by seeding in Dulbecco
modified Eagle medium plus 20% fetal calf serum. After 16 to 20 h of culture,
embryonic cells were treated with demecolcine (Sigma; 25 ng/ml for 3 h) fol-
lowed by trypsinization. Following a hypotonic treatment with 75 mM KCl, the
cells were fixed with methanol and acetic acid (3:1 ratio). After two or three
additional changes of fixative, the cell suspension was dropped on clean slides.
The slides were air dried and aged for 3 days at room temperature prior to the
mouse-specific COBRA staining procedure (14, 63). Genotyping for Rev3 was
performed on DNA isolated from the yolk sac from each embryo.

RESULTS

Targeted disruption of the Rev3 gene. Genomic clones en-
coding the consensus REV3 polymerase consensus boxes (65)
(Fig. 1A) were obtained, and exon sequences were mapped
(data not shown). A gene-targeting vector was constructed to
enable the deletion of 10 kbp of the Rev3 gene, replacing the
consensus boxes I, II, III, and VI with a hygromycin resistance
cassette (Fig. 1A). To allow counterselection against random
integration of the targeting construct, genomic sequences were
flanked by a thymidine kinase cassette (Fig. 1A). Gene target-
ing in mouse embryonic stem cells by positive-negative selec-
tion resulted in a 10% targeting efficiency as analyzed with
probes A (Fig. 1B) and B (data not shown).

Generation of Rev3 mutant mice and cells. Three indepen-
dently derived Rev3�/� embryonic stem cell clones were used
for the generation of chimeric Rev3�/� mice. Germ line trans-
mission of the targeted allele was obtained for all three clones,
and Rev3�/� littermates were interbred after backcrossing to
129/Sv and to C57BL/6 mice. No homozygous (Rev3�/�) mu-
tant offspring were obtained from the backcrosses (Table 1),
whereas the heterozygous and wild-type littermates were born
according to the expected (Mendelian) inheritance pattern,
suggesting that Rev3 deficiency results in embryonic lethality.

To investigate the fate of Rev3�/� embryos, pregnant females
from backcrosses between Rev3 heterozygous mice of the
C57BL/6 lineage were sacrificed at different stages of preg-
nancy. Analysis of embryos revealed a near-Mendelian ratio of
live Rev3�/� embryos of up to 10.5 dpc. However, resorbing
Rev3�/�, but not Rev3�/� or wild-type, embryos were found in
significant numbers in pregnancies of 10.5 dpc and older; live
Rev3�/� embryos older than 11.5 dpc were not found in these
crosses between mice of predominantly the C57BL/6 back-
ground (Table 1). Remarkably, Rev3�/� embryos were some-
what underrepresented (Table 1); the cause of this remains
unclear since Rev3�/� mice have no apparent phenotype. Sur-
prisingly, in pure 129/OLA crosses and in crosses between pure
129/OLA and mixed 129/OLA-C57BL/6 backgrounds we ob-
served viable Rev3�/� embryos of up to 15.5 dpc (data not
shown), suggesting the presence of a strain-dependent genetic
modifier of the phenotype. In all cases, nonresorbed Rev3�/�

embryos displayed levels of growth retardation of 1 to 3 days
(Fig. 2). Pathological examination of 10.5-dpc Rev3-deficient
embryos, and histological sections from these embryos, re-
vealed a spectrum of various developmental dysmorphias of
internal organs and of external features (Fig. 2). The pleiot-
ropy of this phenotype suggests the absence of a specific de-
velopmental defect. To investigate early embryonic develop-
ment in vitro and to attempt to derive de novo Rev3�/�

embryonic stem cell lines, blastocysts from heterozygous mat-
ings between mice of mixed backgrounds were isolated and
cultured. Blastocysts were trypsinized after 10 days of growth
and reseeded, after which the genotype was determined by
PCR. Twenty-three cell lines were obtained from 41 such cul-
tures. Among these 23 lines, none was Rev3 deficient whereas
wild-type and heterozygous lines were present approximately
according to the Mendelian ratio. In a separate experiment,
blastocysts were sacrificed and genotyped after 7 days of cul-
ture. Rev3-deficient blastocysts derived from backcrosses be-
tween Rev3�/� C57BL/6 mice were not detected. However,
Rev3�/� growing inner cell masses were obtained, nearly ac-
cording to normal Mendelian distribution, from heterozygous
crosses between mixed backgrounds (containing a minor
C57BL/6 contribution) or when one parent was from the 129/
OLA strain (Table 2). This result again supports the presence
of strain-dependent modifiers of the Rev3 phenotype. The
Rev3�/� inner cell mass outgrowths generally were smaller

TABLE 1. Analysis of embryos from Rev3�/� crossesa

No. of days
of gestation

No. of fetuses with genotype: No. of observed/
no. of expected

Rev3�/� embryosRev3�/� Rev3�/� Rev3�/�

9.5 23 29 10 (6) 0.64
10.5 36 67 22 (2) 0.70
11.5 11 12 3 (3) 0.46
12.5 5 3 0 (3) 0
13.5 4 4 0 (0) 0
Weaned 73 155 0 0

a Pregnant females were sacrificed, and embryos were isolated. Crosses shown
here were from backcrosses to the C57BL/6 background (generation F1 to F3).
The given number of Rev3�/� embryos does not include the resorbing embryos,
the number of which is shown in parentheses. All Rev3�/� embryos displayed
growth retardation of between 1 and 3 days (Fig. 2). The ratio between the
number of observed and the number of expected Rev3�/� embryos refers to the
live embryos only.
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than heterozygous or wild-type blastocysts (see, e.g., Fig. 6;
compare panels F and L). In addition, although cells adhere
and grow for approximately 1 to 2 weeks, we have not suc-
ceeded in establishing fibroblast lines from 10.5-dpc Rev3�/�

C57BL/6 or 13.5-dpc Rev3�/� mixed-background embryos
whereas such lines were readily obtained from heterozygous
and wild-type littermates (data not shown). Together, these
results indicate that the absence of Rev3 results in a cell-

autonomous phenotype rather than a specific embryonic de-
fect.

Normal replication and proliferation in the absence of Rev3.
To assess whether the Rev3-encoded DNA polymerase is im-
portant for genomic replication, we investigated sections from
10.5-dpc embryos by immunohistochemistry. To this aim, rep-
licating DNA in embryos was pulse-labeled by injecting preg-
nant mothers with the nucleoside analog BrdU prior to sacri-
fice. Sections of Rev3�/� and wild-type embryos were
subsequently stained for nuclear BrdU incorporation as a
marker for genomic replication. BrdU staining revealed stain-
ing to a similar extent in most wild-type and Rev3�/� embryos
(Fig. 3); only in Rev3�/� embryos that displayed a strong
growth retardation was no BrdU incorporation detected (as
exemplified in Fig. 3C), possibly because dwindling or stopped
blood circulation interfered with BrdU incorporation.

To investigate whether Rev3 is important for cellular pro-
liferation, we stained adjacent sections of the same embryos
for the presence of the proliferation marker Ki67, which is
expressed in cells in most stages of the cell cycle (except in G0

FIG. 2. Pleiotropic phenotype of Rev3�/� embryos. Shown are photographs of wild-type 10.5-dpc embryos (A and B) and Rev3�/� (C to F)
littermates showing the growth retardation and morphology of Rev3�/� embryos. (A, C, and E) Whole embryos fixed in 4% paraformaldehyde.
(B, D, and F) Sagittal sections stained with hematoxylin and eosin. All photographs were taken at the same magnification. (C and D) A Rev3�/�

embryo with the size of an embryo of 9.5 dpc. However, external features such as the closure of the caudal neuropore and the development of the
hind limb buds are consistent with an embryonic age of 10.5 dpc (38). (E and F) A dysmorphic Rev3�/� embryo displaying severe growth
retardation. External features partially resemble those of a nonturned embryo of approximately 8.5 dpc (headfold stage [38]). Note that the
development of the remaining part of the embryo is impaired more strongly.

TABLE 2. Establishment of Rev3�/� blastocyst cultures from mice
with a mixed 129/OLA and C57BL/6 background and sensitivity of

the inner cell masses to paraoxon and NA-AAFa

Treatment
No. surviving/total no. of blastocysts

Rev3�/� Rev3�/� Rev3�/�

None 12/13 21/22 6/8
Paraoxon 5/5 9/10 4/4
Paraoxon � NA-AAF 8/8 17/17 0/9

a Blastocysts (3.5 dpc) were isolated and treated after attachment to the well
(at 5.5 to 6.5 dpc). Survival was monitored at 48 h after treatment.
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and early G1 [73]). Similar levels of staining for Ki67 were
detected in most cells within embryos of all genotypes (Fig. 3),
demonstrating that cellular proliferation is not severely af-
fected in the absence of Rev3. From these results it is apparent
that Rev3 is essential neither for normal replication nor for
normal cellular proliferation.

Apoptotic catastrophe and overexpression of p53 in Rev3-
deficient embryos. In the absence of Rev3, persistent DNA
damage might induce apoptosis. This was investigated by stain-
ing sections of 10.5-dpc Rev3�/� and wild-type embryos for the
presence of apoptotic cells, using a TUNEL assay. Although
some variation was observed between individual embryos,
Rev3�/� embryos invariably displayed prominent apoptosis in
cells of all cell lineages, including the forebrain (Fig. 4B and
C), as judged by positive TUNEL staining and nuclear com-
paction. In contrast, in wild-type embryos only occasional ap-
optotic cells were seen. Apoptosis was confirmed by staining
for caspase 3 (data not shown).

To address the involvement of p53 in the observed apo-
ptosis, we stained sections from the same 10.5-dpc embryos for
enhanced p53 expression. Indeed, strong nuclear p53 expres-
sion was seen in many cells from the Rev3�/� embryos whereas
no significant numbers of p53-expressing cells were detected in
wild-type littermates (Fig. 4, compare panel D with panels E

and F). Confirming this observation, in Western blotting ex-
periments enhanced overall p53 expression was seen in lysates
from Rev3-deficient embryos (data not shown).

Inviability of Rev3�/� embryos does not depend on p53. To
determine the role of the observed p53 expression in causing a
cell cycle arrest that may be involved in the observed develop-
mental retardation and in the massive apoptosis in Rev3�/�

embryos, we introduced a homozygous p53 truncation
(C57BL/6 background [31]) in Rev3�/� mice of mixed back-
grounds. Backcrossing of the latter mice yielded no live
Rev3�/�; p53�/� progeny (based on Mendelian inheritance,
the expected number should have been 17). Except for
Rev3�/�; p53�/� and Rev3�/�; p53�/�, all other genotypes
were found approximately according to Mendelian distribution
(data not shown). Moreover, no obvious phenotypic differ-
ences were found between 10.5-dpc Rev3�/� embryos and
Rev3�/�; p53�/� littermates (data not shown; four 10.5-dpc
Rev3�/�; p53�/� embryos were investigated). To investigate
whether the apoptosis observed in Rev3�/� embryos is depen-
dent on p53, sections of 10.5-dpc Rev3�/�; p53�/� embryos
were stained for apoptotic cells with caspase 3 staining (data
not shown) and the TUNEL assay. These sections revealed
persistence of apoptosis in Rev3�/�; p53�/� embryos (Fig. 4G
to I). Together, these experiments show that p53 is not the

FIG. 3. Replication and cellular proliferation in Rev3�/� embryos. Wild-type embryos (A and D) and Rev3�/� littermates (B, C, E, and F) (all
10.5 dpc) were isolated after in vivo exposure to BrdU. Sagittal sections were immunostained with either anti-BrdU (A to C) or anti-Ki67 (D to
F) antibody to investigate replication and cellular proliferation, respectively. Equivalent regions of the forebrain are shown, representative of
staining in the rest of the embryo (except in panels C and F, where most of a severely growth-retarded embryo is shown). Note the lack of BrdU
incorporation in the severely retarded embryo (C) (one out of four Rev3�/� embryos displayed no incorporation of BrdU), whereas staining for
the proliferation marker Ki67 is apparent in all embryos (five embryos out of five mutants stained).
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major determinant of the growth retardation and is not respon-
sible for the apoptotic catastrophe observed in Rev3-deficient
embryos.

Enhanced frequency of chromosome aberrations in Rev3�/�

embryo-derived cells. Since Rev3 might be involved in trans-
lesion synthesis, persistent replication arrests opposite unre-
paired endogenous DNA lesions, like abasic sites and oxidized
nucleotides (48), could induce collapse of the replication fork

FIG. 4. Apoptosis in Rev3�/� embryos. (A to F) Sagittal sections of the developing forebrain from the same embryos as those shown in Fig.
3 were analyzed for apoptosis by TUNEL staining (A to C) or immunostained with an anti-p53 antibody (D to F). (A and D) Wild-type embryos;
(B, C, E, and F) Rev3�/� embryos. Five mutant and three wild-type embryos were stained in this experiment. Equivalent regions of the forebrain
are shown (except in panels C and F, where most of a severely growth-retarded embryo is shown). Rev3�/� embryos display extensive TUNEL
staining (arrowheads in panels B and C), indicating massive apoptosis, accompanied by p53-positive cells (arrowheads in panels E and F). (G to
I) TUNEL staining of sections of the neural folds (G and H) or the head (I) from three Rev3�/�; p53�/� embryos, displaying extensive apoptosis.
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leading to double-stranded DNA breaks during the subsequent
S phase (40). These breaks are very efficient inducers of p53-
dependent G1/S-phase cell cycle arrest and apoptosis (1) and,
when misrepaired, precursors to chromatid exchanges and
translocations (13). Therefore, defects in translesion synthesis
could be accompanied by chromosomal instability. To obtain
evidence for the involvement of Rev3 in translesion synthesis
of endogenous DNA damage, we have therefore investigated
chromosomal aberrancies in cells derived from 11.5-dpc
Rev3�/� embryos of mixed background. This was done using a
mouse-specific version of the COBRA chromosome painting
method, enabling the identification of individual mouse chro-
mosomes by painting each chromosome with a specific color.
This analysis revealed a strong increase in chromosome and
chromatid breaks and exchanges as precursors of transloca-
tions, as well as an enhanced frequency of translocations. Thus,
14% of Rev3�/� cells contained a chromosomal aberration
versus 0.7% of cells from wild-type and heterozygous embryos
(Table 3 and Fig. 5). These results are consistent with the
predicted role of mouse polymerase � in translesion synthesis
of endogenous DNA damage. In addition, the observed in-
crease in chromosome and chromatid breaks may underlie the
propensity of Rev3�/� embryonic cells for apoptosis.

Increased sensitivity of Rev3�/� blastocysts to NA-AAF. In
S. cerevisiae, translesion synthesis of replication-blocking dG-
C8-AAF adducts depends on REV3 (4). To further investigate
the possible involvement of the mouse Rev3 in translesion
synthesis, we assayed whether NA-AAF (inducing dG-C8-AAF
adducts in the presence of the deacetylase inhibitor paraoxon
[62]) displays increased cytotoxicity toward Rev3�/� blasto-
cysts. To this aim, blastocysts were isolated from heterozygous
matings between 129/OLA mice and mixed 129/OLA-C57BL/6
background mice. After attachment and outgrowth of the inner
cell mass, blastocysts were either mock treated, treated with
paraoxon and NA-AAF, or treated with paraoxon alone. Sur-
vival of the inner cell mass was monitored after treatment.
Subsequently, the blastocysts were genotyped using DNA iso-
lated from the inner cell mass (when still present) or from
nondividing trophoblast cells that in all cases appeared refrac-
tory to the toxic effects of NA-AAF. All Rev3�/� inner cell
masses were detached at 48 h after treatment, whereas Rev3
heterozygous and wild-type inner cell masses all survived treat-
ment (Table 2; also note that untreated Rev3�/� blastocysts
survive to 10 days in culture [see above and Fig. 6L and M]).
To determine whether detachment of Rev3-deficient inner cell
masses is caused by NA-AAF-induced apoptosis, we per-
formed an experiment in which blastocysts were fixed and

stained for apoptosis by a TUNEL assay at various time points
after treatment. Although some apoptosis was observed in
blastocysts of all genotypes, mainly at early time points (Fig.
6A and B and 6G and H), in Rev3�/� blastocysts massive
apoptosis initiated between 24 and 30 h after treatment (Fig.
6H and I), resulting in detachment of the inner cell masses
between 30 and 41 h after treatment (Fig. 6I and J). The late
occurrence of apoptosis suggests that NA-AAF-induced DNA
damage needs to be processed to induce apoptosis. Overall,
these data are supportive of a role of Rev3 in translesion
synthesis of exogenous DNA damage.

DISCUSSION

Here we describe the generation and analysis of mouse
strains carrying a targeted disruption of the Rev3 gene. In
agreement with recent data from others (5, 12, 37, 69), Rev3�/�

embryos die at midgestation. Embryonic death invariably was
accompanied by enhanced levels of apoptosis in all cell lin-
eages of the embryos. We have observed strain dependency of
the phenotype of Rev3-deficient embryos: embryos with a high
contribution of the C57BL/6 background all died before 12.5
dpc whereas embryos with a high contribution of the 129/OLA
background survived up to 15.5 dpc. This strain-dependent
difference in phenotype precludes correlation of the site of the
Rev3 truncation (amino- or carboxy-terminal site) with the
observed embryonic phenotype, as was suggested by others
(37). Whereas Rev3�/� embryos of all genetic backgrounds
invariably were retarded with respect to their heterozygous and
wild-type littermates and frequently displayed morphological
abnormalities, specific developmental defects were not found.
This is in contrast with observations by others (12, 69) describ-
ing a defect in mesenchymal development. In agreement with
others (69) we were unable to establish fibroblast lines from
Rev3�/� embryos by using a protocol for spontaneous immor-
talization. In addition, we were unable to establish Rev3�/�

embryonic stem cell lines from Rev3�/� blastocyst cultures,
although the inner cell mass grew out and survived for 10 days
in culture. These short-term blastocyst cultures could be estab-
lished only when the strain background was mixed, again un-
derscoring the strain dependency of the Rev3�/� phenotype.
The latter may also explain the low incidence of viable Rev3�/�

blastocyst cultures observed by others (5). From these data we
conclude that Rev3 deficiency confers a cell-autonomous phe-
notype rather than a specific developmental defect. We believe
that, since Rev3�/� embryos of a single genetic background die
at different stages of embryonic development, displaying a wide

TABLE 3. Enhanced frequencies of all types of chromosomal aberrations derived from Rev3�/� embryos, as determined by COBRA analysisa

Genotype Embryo
no.

No. of normal
metaphases

No. of chromosome
and chromatid breaks

No. of chromatid
exchanges No. of translocations Total no. of

aberrations

Wild type 1 60 0 0 0 0
Wild type 2 39 1 0 0 1
Rev3�/� 3 50 0 0 0 0
Rev3�/� 4 43 2 3 2 7
Rev3�/� 5 32 1 1 0 2
Rev3�/� 6 41 3 3 1 7

a Note that, as a consequence of the limited spatial resolution of the painted chromosomes, the actual number of chromosome and chromatid breaks probably is
higher than that detected in this experiment.
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range of abnormalities, it is likely that cell death is triggered by
stochastic events in cells of all lineages within the embryo. The
observation of normal viability of human cells expressing an-
tisense Rev3 mRNA (19) may be explained by residual Rev3
activity.

BrdU incorporation, indicative of genomic replication, ap-
peared normal in Rev3-deficient cells; also cellular prolifera-
tion, as judged by Ki67 expression, was not aberrant in Rev3�/�

embryos. These results indicate that the embryonic phenotype
of Rev3�/� embryos is not caused by a requirement for poly-
merase � in normal replication or cellular proliferation. To
obtain evidence for the occurrence of double-stranded DNA
breaks in Rev3-deficient cells, we performed an analysis of
chromosomal aberrations in primary cells obtained from
Rev3�/� embryos, using a mouse-specific chromosome paint-
ing method. Consistent with the notion that chromosome and
chromatid breaks are precursors of translocations, we also

observed an enhanced number of translocations in the mutant
cells. To our knowledge, these results provide the first pub-
lished evidence of chromosomal instability as a consequence of
a putative defect in translesion synthesis.

Based on these results, we hypothesize that in Rev3�/� em-
bryos arrested replication forks at the site of nonreplicated
DNA damage are converted into double-stranded DNA breaks
during the subsequent S phase (40). Thus, the Rev3�/� phe-
notype is consistent with a role for Rev3 in translesion repli-
cation of unrepaired endogenous DNA damage in mammalian
cells. Furthermore, based on the reduced incidence of sponta-
neous mutations in S. cerevisiae rev3 strains, polymerase � is
believed to play a role in translesion synthesis of endogenous
DNA damage in yeast (26, 39, 59, 60, 71). Nevertheless, other
mechanisms for the accumulation of double-stranded DNA
breaks cannot be excluded at present. As an example, in S.
cerevisiae, REV3 is implicated in mutagenesis associated with

FIG. 5. Metaphase spreads from Rev3 mutant embryonic cells analyzed by mouse COBRA painting. The cell in the upper panels (A to C)
contains a reciprocal translocation (indicated by arrowheads). The metaphase spread in the lower panels (D to F) contains an asymmetrical
chromatid interchange (indicated by an arrowhead). Each set of panels contains a merged image of the ratio colors (A and D), a black and white
image of the 4�,6�-diamidino-2-phenylindole-counterstained chromosomes (B and E), and the black and white image of the binary color (C and
F).
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homology-dependent double-stranded break repair; however,
repair itself is not measurably being affected (29).

In further agreement with a role for polymerase � in trans-
lesion synthesis, Rev3�/� blastocysts show massive apoptosis
after exposure to a low dose of NA-AAF. Since mock-treated
Rev3�/� blastocysts show a normal appearance with few apo-
ptotic cells, we infer that apoptosis after NA-AAF treatment is
a specific effect rather than a reflection of reduced viability of
these blastocysts. NA-AAF-induced apoptosis is a late event,
starting between 24 and 30 h after drug treatment. This late
induction of apoptosis again is consistent with the requirement
for processing of persistent DNA single-stranded regions to
double-stranded DNA breaks, by replication fork collapse,
during the S phase subsequent to the S phase with the initial
replication arrest. Remarkably, earlier apoptosis was observed
also in wild-type and Rev3�/� blastocysts (compare Fig. 6A and
G with 6E and K, respectively), suggesting the presence of a
second apoptotic pathway, common to the two genotypes.

In contrast to mouse Rev3 mutants, yeast Rev3 mutant cells
display normal growth and viability (43, 44, 53), which may be
a consequence of the small size of the yeast genome combined
with the absence of apoptosis in yeast. Paralleling this differ-
ence in phenotype between yeast and mammals, yeast lif1 (the
Xrcc4 homologue), ligase IV, and rad51 mutants, which accu-
mulate double-stranded DNA breaks, have a near-normal vi-
ability (27, 61, 64, 68). In contrast, mouse embryos deficient for
the Rad51, Xrcc4, DNA ligase IV, and ATR genes die by high
levels of apoptosis, with the exception of the Rad51 mutant
around midgestation (2, 6, 15, 17, 18, 47). The apoptotic phe-
notype is dependent on p53 in Rad51, Xrcc4, and DNA ligase
IV-deficient embryos, the latter two being rescued to birth by
p53 deficiency (15, 17, 18, 47). This is in marked contrast to
Rev3�/�; p53 embryos that are not only not rescued to birth, as
also found by others (68), but have the same morphological

appearance as, and levels of apoptosis indistinguishable from,
those of their Rev3�/� littermates. We infer that apoptosis in
Rev3�/� embryos is caused by p53-independent damage sig-
naling and effector pathways and that p53 expression in these
embryos has no functional significance for the observed phe-
notype. Remarkably, it has been shown previously that hy-
droxyurea-induced replication arrest induces the accumulation
of a form of p53 that is inactive in eliciting a cell cycle response
(22). The presumed role of Rev3 in avoiding replication arrests
is compatible with this result.

The recent finding that the putative mammalian homologue
of Rev7 (54) (also called MAD2B or MAD2L2) displays ho-
mology with the mitotic spindle checkpoint protein Mad2 pro-
vides an alternative explanation for the inviability of Rev3-
deficient mice. Like Mad2, Rev7 is involved in an anaphase
arrest (8, 58). Interestingly, Mad2-deficient mouse embryos
display an embryonic catastrophe similar to, albeit stronger
than, that of the Rev3-deficient embryos (10). Also, it was
found that apoptosis imparted by the mitotic spindle poison
nocodazole is independent of p53 (7), compatible with the p53
independence of apoptosis in polymerase �-deficient embryos.
Together, these data support the possibility that in the Rev3-
deficient embryos an anaphase checkpoint is disrupted. Cur-
rently, we are addressing the molecular mechanisms inducing
apoptosis in the Rev3-deficient embryos.
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